Abstract: In this work, a three-dimensional (3-D) architecture of one-time programmable (OTP) nonvolatile memory (NVM) arrays is introduced and its viable process integration and operation method are schemed. Vertical stack architecture is highly persued for higherlevel integration and NVMs based on devices free from transistors and charge trapping layers would be one of the candidates. In this work, in an effort for the NVM technology trend, architecture, fabrication process, and operation scheme for faster data access are studied in depth. Silicon (Si) pn-junction diode is focused by its virtues of cost-effectiveness, process maturity, and compatibility to peripheral Si CMOS circuits.
Introduction
In the history of electronic engineering, one-time programmable (OTP) memories were mainly used for read-only-memory (ROM) applications where the central processing unit (CPU) instructions were stored to operate a whole computer system [1, 2, 3] . By grafting a novel structuring with the concept of OTP memory and the nanoscale silicon (Si) processes, innovative high-density nonvolatile memory (NVM) applications can be implemented. Although there might be various kinds of OTP NVM devices and array architectures, a novel technology based on simple materials and fabrication was previously proposed [4, 5] . In this work, it is evolved into three-dimensional (3-D) architecture for achieving very-large-scale integration (VLSI) and accompanying process integration and operation scheme for faster access to the stored data are developed. The program operation is performed by breaking down the thin oxide layer between vertical Si channel and bitline (BL). Thus, the program state can be simply determined by whether the read current through the oxide layer is high or low (programmed or not). In spite of the high-level scalability of charge trap flash (CTF) NVM, reliability issues in terms of retention and endurance are remaining to be resolved [6, 7] . They are usually originated from the quality of CT layer and it is hard to completely eliminate them as long as the NVM device is operated by the charge-based mechanisms. In this regard, it is understood that the diode-based OTP NVM is one of the plausible candidates that are to a large degree free from the reliability issues of CTF NVMs. Furthermore, it is more advantageous for higher integration and simpler processes compared with the metal-oxide-semiconductor field-effect transistor (MOSFET) based NVMs. Recently, for even higher-level integration of NVMs, design and process developments for stack arrays have been intensively researched [8, 9, 10] . In this paper, along with the introduction of pn-junction diode OTP device, viable process integration and operating schemes for the diode-based 3-D OTP NVM with full Si CMOS compatibility are developed.
2 Device structure and program operation physics Although silicon (Si) has been chosen in this study as the channel material for full Si complementary metal-oxide-semiconductor (CMOS) compatibility, other possible options such as Schottky barrier or resistive switching materials can be applied [11, 12, 13] . The semiconductor regions of each type can be formed through ion implantation or low-pressure chemical vapor deposition (LPCVD) with in situ doping. The thin oxide before a program operation, fuse oxide (FO), can be thermally grown or deposited. The common signal line with n + doping connected to the n-type pillar bottoms acts as the deposited wordline (DWL). In order to perform a program operation, a positive program voltage (V PRG ) is applied to a BL. The high electric field between BL and p-type pillar breaks down the FO and the program/erase (P/E) states of a cell are determined by its leakage current level conducting through the FO: program operation breaks down the FO in a specific cell, which increases the leakage current prominently and this state can be identified as State 0. At this point, after the breakdown by a program operation, the thin oxide no longer can be called as an FO but needs to be termed as an anti-fuse oxide (AFO). On the other hand, the erase state at which the FO is still conserved can be read as State 1 (numbering each state can be reversed by cases). The FO is broken down by the electron-hole pairs generated near the FO-Si pillar interface and the positive feedback in the electron tunneling due to the holes trapped in the FO [14, 15, 16] . Figs. 2 (a) and 2 (b) demonstrate the electrostatic potential and electric fields across a cell in the vertical direction under forward bias conditions [5] , which was performed by device simulations [17] .
A viable process integration
The stacked OTP NVM array is made to have two layers that can be integrated laterally or vertically sharing a common platform. Since the memory cells on the lower and upper layers (it is assumed that the two layers are integrated in a vertical manner) should have the same electrical characteristics, it would be desirable to construct the Si pillars by deposition of polycrystalline Si (poly-Si). However, the poly-Si deposition needs to be performed on a thick bottom oxide for electrical isolation from the Si substrate since it would be complicated to carry out anisotropic etching processes for BLs and DWLs crossing perpendicularly one another by a top-down fabrication method. Fig. 3 (a) through 3 (j) suggests the fabrication processes for the stacked OTP NVM array. Isolation bottom oxide (IBO) is deposited for the isolation between the cell arrays and the Si substrate ( Fig. 3 (a) ). Since the IBO should be thick enough for effective electrical isolation, plasma-enhanced CVD (PECVD) or high-density plasma CVD (HDPCVD) process with a high deposition rate will be required [18] . p + poly-Si is deposited for the lower-layer bitlines (LBLs) and the thin FO is thermally grown or deposited with low enough deposition rate (Fig. 3 (b) ). LPCVD with in situ doping would be the most efficient way to form the LBLs. p-and n-type regions for the vertical diode can be deposited and doped by an LPCVD with in situ doping as shown in Fig. 3 (c) . The pn-junction diode is constructed by simple controls over the doping gases and switching time. Patterning and anisotropic etch processes in the direction A down to the IBO follow as shown in Fig. 3 (d) . Then, patterning and etch will be performed along the direction B which is perpendicular to direction A. The anisotropic etch should be continued until the p-and n-type Si layers on the FO are completely removed ( Fig. 3 (e) ). Subsequently, isolation between BLs and chemical mechanical polishing (CMP) are conducted, which reveals the n-type ends of diode structures as shown in Fig. 3 (f) . Following processes are the same with those for the single-layer array [5] . Poly-Si with in situ n + doping is deposited for the DWL. p-and n-type regions for the reversed vertical diode are formed by LPCVD with in situ doping in sequence (Fig. 3 (g) ).
Patterning and anisotropic etch processes in the direction B down to the isolation oxide on the first layer and in the direction down to the DWL are performed continuously. Isolation oxide deposition and CMP are conducted subsequently as shown in Fig. 3 (h) . The second FO layer and p + poly-Si for the upper-layer bitlines (UBLs) are deposited ( Fig. 3 (i) ). Patterning and dry etch in the direction of A will be following and p-and ntype Si layers are completely removed until the p-type ends of the vertical diodes are exposed (Fig. 3 (j) ). Stacked two-layer array having pn-junction diode channels in vertically reverse-aligned positions is finally constructed through the suggested process integration. This strategy can be further extended to achieve 3-D memory architecture with more number of stacks employing not only Si pn-junction diodes but also other types of rectifying components and resistive switching materials [11] . Figure 4 demonstrates a simplified array of the 3-D OTP NVM. The basic operation schemes are based on those already confirmed in the previous works [5] . It is revealed that a program operation over the whole page at once is not possible. In Fig. 4 , only the program operation over the upper layer is concerned and the cells with rigid boxes are to be programmed. "P" and "I" on the cells indicate that the intended operations are "possible" and "impossible", respectively. For example, the cell with P notation and without a rigid box is possible to remain program-inhibited while it is impossible to program one with I identification and with a rigid box. Other possibilities can be checked in the same manner. In order to program Fig. 3 . Fabrication processes for the stacked array of OTP NVM based on pn-diode pillars. From (h) to (j), the upper isolation oxide layer is made to be transparent to look inside the array more clearly.
Operation methods for the stacked OTP NVM array
Cell U3W1 and Cell U2W2 (where Cell UiWj denotes the cell on the cross point of UBLi and WLj), WL1 and WL2 should be grounded and program voltages (V PRG 's) should be applied to UBL2 and UBL3. Although it is originally intended that Cell U3W2 should be program-inhibited, it is programmed inevitably under these operation conditions. Other cells with "I" notations shown in Fig. 4 will undergo either unwanted program or programinhibition operations. In this regard, the program operation cannot be performed by page but only by line in sequence. in the bracket is fed at one time so that there is no redundant time consumption even though the number of the cells is doubled. Fig. 6 (b) summarizes the bias conditions for the double-layer program keeping the total number of operations unchanged at all. Read operations can be also carried out without any additional time consumption compared with the case of single-layered array. The memory states of the two cells under crosspoints made by a specific WL and both upper and lower BLs in the same position (LBLj and UBLk where j = k) can be sensed simultaneously as shown in Fig. 7 . 
